
Testing Nonthermal Plasma for 
Decontamination of Sensitive Weapons 

Systems & Platforms 
 

WP-1760 

 

Meng-Dawn Cheng, Ph.D. 

June 2011 

 

Prepared By 

OAK RIDGE NATIONAL LABORATORY 

Oak Ridge, TN 37831-6038 

Managed By 

UT-BATTELLE, LLC 

For The 

U.S. DEPARTMENT OF ENERGY 

Under Contract DE-AC05-00OR22725 

 



Standard Form 298 (Rev. 8/98) 

REPORT DOCUMENTATION PAGE 

Prescribed by ANSI Std. Z39.18 

Form Approved 
OMB No. 0704-0188 

The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, 
gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of 
information, including suggestions for reducing the burden, to the Department of Defense, Executive Services and Communications Directorate (0704-0188). Respondents should be aware 
that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently valid OMB 
control number. 
PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ORGANIZATION. 
1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE 3. DATES COVERED (From - To) 

4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER 

5b. GRANT NUMBER 

5c. PROGRAM ELEMENT NUMBER 

5d. PROJECT NUMBER 

5e. TASK NUMBER 

5f. WORK UNIT NUMBER 

6. AUTHOR(S) 

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION 
REPORT NUMBER 

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR'S ACRONYM(S) 

11. SPONSOR/MONITOR'S REPORT 
NUMBER(S) 

12. DISTRIBUTION/AVAILABILITY STATEMENT 

13. SUPPLEMENTARY NOTES 

14. ABSTRACT 

15. SUBJECT TERMS 

16. SECURITY CLASSIFICATION OF: 
a. REPORT b. ABSTRACT c. THIS PAGE 

17. LIMITATION OF 
ABSTRACT 

18. NUMBER 
OF 
PAGES 

19a. NAME OF RESPONSIBLE PERSON 

19b. TELEPHONE NUMBER (Include area code) 

June 2011 Final Report 2010 - 2011

Use of Nonthermal Plasma for Cleaning and Decontamination of Weapons 
Systems and Platforms 

WP-1760Meng-Dawn Cheng, Ph.D.

Oak Ridge National Lab - Environmental Sciences Division 
1 Bethel Valley Road 
Oak Ridge, TN 37831

Strategic Environmental Research & Development Program 
901 North Stuart Street, Suite 303 
Arlington, VA 22203

SERDP

Approved for public release; distribution unlimited.

None 20

Reset



	
   	
   ORNL/TM-­‐2011/155	
  

	
   6	
  

	
  

Table	
  of	
  Contents	
  
	
  
LIST	
  OF	
  ACRONYMS	
  ...................................................................................................................................................................	
  i	
  
LIST	
  OF	
  FIGURES	
  ........................................................................................................................................................................	
  ii	
  
ABSTRACT	
  .................................................................................................................................................................................... iii	
  
1.	
  INTRODUCTION	
  .....................................................................................................................................................................	
  1	
  
2.	
  OBJECTIVES	
  .............................................................................................................................................................................	
  4	
  
3.	
  MATERIALS	
  AND	
  APPROACH	
  ..........................................................................................................................................	
  5	
  
3.1.	
  Description	
  of	
  Sample	
  Substrate	
  and	
  Preparation	
  of	
  the	
  Samples	
  ...............................................................	
  5	
  
3.2.	
  Description	
  of	
  laboratory-­‐scaled	
  nonthermal	
  plasma	
  sources	
  ......................................................................	
  6	
  
3.3.	
  Characterization	
  of	
  the	
  material	
  surfaces	
  ..............................................................................................................	
  9	
  

4.	
  RESULTS	
  AND	
  DISCUSSION	
  ..............................................................................................................................................	
  9	
  
4.1.	
  Effects	
  of	
  Composition	
  of	
  Carrier	
  Gas	
  Mixture	
  on	
  Removal	
  .............................................................................	
  9	
  
4.2.	
  Evaluation	
  of	
  Surface	
  Damage	
  by	
  Heat	
  Associated	
  with	
  the	
  Plasma	
  .......................................................	
  10	
  
4.3.	
  Removal	
  of	
  Oil	
  Grease	
  and	
  CWA	
  coated	
  surfaces	
  ..............................................................................................	
  12	
  
4.4.	
  Removal	
  of	
  Pollen	
  Grains	
  .............................................................................................................................................	
  16	
  

6.	
  ACKNOWLEDGEMENTS	
  ..................................................................................................................................................	
  18	
  
7.	
  REFERENCES	
  ........................................................................................................................................................................	
  19	
  
	
  
	
  
	
  



	
   	
   ORNL/TM-­‐2011/155	
  

	
   i	
  

LIST	
  OF	
  ACRONYMS	
  
	
  
3-­‐D	
  –	
  Three	
  dimensional	
  
AP	
  NTP	
  –	
  Atmospheric	
  Pressure	
  Nonthermal	
  Plasma	
  
CW	
  –	
  Continuous	
  Wave	
  
DC	
  –	
  Direct	
  Current	
  
DoD	
  –	
  Department	
  of	
  Defense	
  
DOE	
  –	
  Department	
  of	
  Energy	
  
g/L	
  –	
  Gram	
  per	
  Liter	
  
HAP	
  –	
  Hazardous	
  Air	
  Pollutants	
  
He	
  –	
  Helium	
  Molecule	
  
H2	
  –	
  Hydrogen	
  Molecule
NTP	
   –	
  Nonthermal	
  Plasma	
  
O2	
  –	
  Oxygen	
  Molecule	
  
ORNL	
  –	
  Oak	
  Ridge	
  National	
  Laboratory	
  
OT	
  –	
  Optical	
  Transmittance	
  
N2	
  –	
  Nitrogen	
  Molecule	
  
RF	
  –	
  Radio	
  Frequency	
  
SERDP	
  –	
  Strategic	
  Environmental	
  Research	
  and	
  Development	
  Program	
  
TIP	
  –	
  Triisopropyl	
  Phosphate	
  
VOC	
  –	
  Volatile	
  Organic	
  Compound	
  
	
  
	
   	
  



	
   	
   ORNL/TM-­‐2011/155	
  

	
   ii 	
  

LIST	
  OF	
  FIGURES	
  
	
  
Figure	
  1a.	
  Examples	
  of	
  AP	
  NTP	
  driven	
  by	
  radiofrequency	
  power	
  and	
  shaped	
  as	
  a	
  line	
  

plasma	
  .................................................................................................................................................................	
  3	
  
Figure	
  1b.	
  Example	
  of	
  AP	
  NTP	
  driven	
  by	
  direct	
  current	
  (DC)	
  and	
  shaped	
  like	
  a	
  round	
  jet	
  .....	
  3	
  
Figure	
  2a.	
  Photo	
  showing	
  an	
  airframe	
  sample	
  used	
  as	
  the	
  substrate	
  in	
  this	
  project.	
  ................	
  5	
  
Figure	
  2b.	
  Photo	
  showing	
  the	
  cross	
  section	
  of	
  an	
  airframe	
  sample	
  used	
  as	
  the	
  substrate	
  in	
  

this	
  project.	
  The	
  honeycomb	
  structure	
  is	
  sandwiched	
  in	
  between	
  two	
  layers	
  of	
  
metallic-­‐polymer	
  skins	
  in	
  light	
  blue	
  color.	
  ..........................................................................................	
  5	
  

Figure	
  3.	
  Photo	
  of	
  Experimental	
  Setup	
  of	
  DC-­‐NTP	
  ....................................................................................	
  7	
  
Figure	
  4a.	
  AP	
  NTP	
  from	
  Surfx	
  Technology	
  ....................................................................................................	
  8	
  
Figure	
  4b.	
  Close	
  up	
  of	
  the	
  AP	
  NTP	
  Head	
  .........................................................................................................	
  8	
  
Figure	
  4c.	
  Display	
  of	
  RF	
  powered	
  AP	
  NTP	
  on	
  a	
  airframe	
  sample.	
  .......................................................	
  8	
  
Figure	
  5.	
  Plot	
  of	
  optical	
  transmission	
  verse	
  time	
  of	
  exposure	
  in	
  minutes	
  ...................................	
  10	
  
Figure	
  6.	
  A	
  photo	
  showing	
  substrate	
  under	
  damage	
  test	
  ....................................................................	
  11	
  
Figure	
  7.	
  Removal	
  of	
  Oil	
  Grease.	
  [a]	
  Untreated	
  original	
  substrate	
  surface,	
  [b]	
  Oil	
  treated	
  

surface	
  of	
  the	
  same	
  area	
  as	
  shown	
  in	
  [a],	
  [c]	
  RF-­‐NTP	
  treated	
  surface	
  of	
  the	
  same	
  area	
  
as	
  shown	
  in	
  [a]	
  and	
  [b]	
  ..............................................................................................................................	
  12	
  

Figure	
  8.	
  Setup	
  for	
  spectroscopic	
  and	
  aerosol	
  detection.	
  ....................................................................	
  13	
  
Figure	
  9.	
  Size	
  distribution	
  of	
  particles	
  from	
  RF-­‐NTP	
  treatment	
  on	
  oil	
  layered	
  airframe	
  

substrate	
  ..........................................................................................................................................................	
  14	
  
Figure	
  10.	
  Spectrum	
  of	
  RF-­‐NTP	
  on	
  CWA	
  coated	
  airframe	
  substrate	
  ..............................................	
  15	
  
Figure	
  11a.	
  Scanning	
  Electron	
  Microscopic	
  Image	
  of	
  An	
  Ambrosia	
  Pollen	
  Grain	
  .....................	
  16	
  
Figure	
  11b.	
  Image	
  of	
  Ambrosia	
  Pollen	
  Grains	
  deposited	
  on	
  a	
  glass	
  slide	
  .....................................	
  16	
  
Figure	
  12.	
  Raman	
  Spectra	
  of	
  the	
  Untreated	
  Ambrosia	
  Pollen	
  Grains	
  (0	
  min)	
  and	
  Treated	
  

after	
  3,	
  4,	
  and	
  10	
  min.	
  ................................................................................................................................	
  17	
  
	
  
	
  
	
  
	
  
	
  



	
   	
   ORNL/TM-­‐2011/155	
  

	
   iii	
  

ABSTRACT	
   15	
  
	
   16	
  
Efficient	
  decontamination	
  of	
  military	
  platforms	
  and	
  systems	
  represents	
  the	
  first	
  line	
  of	
   17	
  
defense	
  and	
  protection	
  for	
  U.S.	
  warfighters.	
  Using	
  solvents,	
  wet	
  decontamination	
  approach	
   18	
  
generates	
  secondary	
  pollution	
  and	
  requires	
  extra	
  care	
  of	
  the	
  contaminated	
  solutions	
   19	
  
afterwards.	
  The	
  wet	
  approach	
  could	
  also	
  degrade	
  material	
  integrity	
  of	
  the	
  treated	
   20	
  
platforms	
  and	
  systems.	
  Alternative	
  decontamination	
  technique	
  that	
  does	
  not	
  erode	
  the	
   21	
  
integrity	
  and	
  not	
  produce	
  secondary	
  contamination	
  is	
  required.	
  Nonthermal	
  plasma	
  was	
   22	
  
tested	
  as	
  a	
  decontamination	
  alternative	
  for	
  a	
  number	
  of	
  pollutants	
  in	
  this	
  project.	
  A	
   23	
  
radiofrequency-­‐powered	
  nonthermal	
  plasma	
  technique	
  was	
  applied	
  to	
  biological	
  aerosols,	
   24	
  
oil	
  and	
  grease,	
  and	
  paint-­‐stained	
  airframe	
  structural	
  material.	
  Raman	
  spectroscopy,	
   25	
  
scanning	
  electron	
  microscopy,	
  and	
  aerosol	
  monitoring	
  techniques	
  were	
  used	
  to	
  assess	
  the	
   26	
  
effectiveness	
  of	
  the	
  plasma	
  decontamination	
  technique.	
  The	
  nonthermal	
  plasma	
  technique	
   27	
  
was	
  found	
  to	
  be	
  useful	
  in	
  the	
  cleanup	
  of	
  the	
  stained	
  surface,	
  reduce	
  the	
  potency	
  of	
  the	
   28	
  
biological	
  agents,	
  and	
  maintain	
  the	
  surface	
  structure	
  intact.	
  Time-­‐sequenced	
  Raman	
   29	
  
analysis	
  on	
  biological	
  aerosols	
  indicates	
  the	
  antigens	
  were	
  either	
  vaporized	
  or	
  decomposed	
   30	
  
during	
  the	
  treatment.	
  Optical	
  emission	
  spectroscopy,	
  aerosol	
  electrometer,	
  and	
  scanning	
   31	
  
mobility	
  particle	
  sizer	
  were	
  used	
  to	
  monitor	
  the	
  nanoparticles	
  and	
  charges	
  emissions	
   32	
  
during	
  the	
  treatment	
  of	
  oil	
  and	
  CWA-­‐contaminated	
  surface.	
  ELISA	
  assay	
  shows	
  the	
   33	
  
reduction	
  and	
  or	
  elimination	
  of	
  the	
  antigens,	
  although	
  scanning	
  electron	
  microscopy	
   34	
  
indicates	
  the	
  morphology	
  of	
  the	
  biological	
  agents	
  remain	
  unchanged	
  by	
  the	
  plasma	
   35	
  
treatment.	
  The	
  technique	
  does	
  not	
  produce	
  secondary	
  pollutants,	
  is	
  fairly	
  safe	
  to	
  material	
   36	
  
and	
  reasonably	
  easy	
  to	
  operate.	
  The	
  technique	
  is	
  not	
  a	
  line-­‐of-­‐sight	
  technique	
  therefore	
  it	
   37	
  
can	
  be	
  used	
  to	
  remove	
  effectively	
  organic	
  contaminants	
  and	
  bioaerosols	
  on	
  a	
  range	
  of	
   38	
  
complex	
  surfaces. 39	
  
	
   40	
  
	
   41	
  
	
   	
   42	
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   43	
  

1.	
  INTRODUCTION	
   44	
  
	
   45	
  
	
   Military	
  weapons	
  platforms	
  and	
  systems	
  are	
  exposed	
  to	
  a	
  wide	
  range	
  of	
   46	
  
contaminants	
  for	
  various	
  missions.	
  Cleaning	
  and	
  decontamination	
  are	
  commonly	
   47	
  
performed	
  by	
  labor	
  using	
  a	
  traditional	
  cleaning	
  agent	
  that	
  is	
  “wet-­‐based”	
  such	
  as	
  bleaches	
   48	
  
like	
  P-­‐D-­‐680	
  that	
  is	
  a	
  petroleum-­‐based	
  solvent,	
  which	
  contains	
  hazardous	
  air	
  pollutants	
   49	
  
and	
  volatile	
  organic	
  compounds	
  causing	
  environmental	
  and	
  health	
  concerns.	
  Its	
  successor,	
   50	
  
MIL-­‐PRF-­‐680	
  is	
  also	
  a	
  petroleum-­‐based	
  solvent	
  that	
  contains	
  the	
  same	
  amount	
  of	
  volatile	
   51	
  
organic	
  compounds	
  (VOCs,	
  more	
  than	
  750	
  g/L)	
  but	
  no	
  hazardous	
  air	
  pollutants	
  (HAPs).	
   52	
  
The	
  aromatic	
  content	
  is	
  approximately	
  1%	
  by	
  volume	
  maximum,	
  total	
  phenol	
  is	
  no	
  more	
   53	
  
than	
  0.5	
  ppm,	
  dichlorobenzene	
  is	
  0.5	
  mg/L	
  maximum,	
  and	
  benzene	
  is	
  0.5	
  mg/L	
  max	
  in	
  MIL-­‐ 54	
  
PRF-­‐680.	
  Cold	
  solvent	
  cleaning	
  of	
  aircraft	
  components	
  is	
  performed	
  at	
  organizational,	
   55	
  
intermediate,	
  and	
  depot	
  level	
  and	
  usually	
  takes	
  the	
  form	
  of	
  either	
  spray	
  sinks	
  or	
  batch	
   56	
  
loaded	
  dip	
  tanks.	
  It	
  is	
  important	
  to	
  remember	
  that	
  the	
  use	
  of	
  these	
  solvents	
  would	
  release	
   57	
  
large	
  amount	
  of	
  the	
  synthetic	
  organic	
  compounds	
  into	
  the	
  environment.	
  The	
  release	
  could	
   58	
  
increase	
  the	
  risk	
  of	
  human	
  exposure	
  to	
  the	
  hazardous	
  chemicals,	
  particularly	
  to	
  the	
   59	
  
decontamination	
  workers.	
  Release	
  of	
  HAPs	
  could	
  also	
  increase	
  the	
  atmospheric	
  burden	
  of	
   60	
  
organic	
  compounds	
  that	
  might	
  promote	
  the	
  formation	
  of	
  smog	
  and	
  degrade	
  ambient	
  air	
   61	
  
quality.	
  Non-­‐compliance	
  of	
  air	
  quality	
  in	
  an	
  airshed	
  surrounding	
  a	
  military	
  base	
  or	
   62	
  
installation	
  could	
  cause	
  undesirable	
  consequences	
  hindering	
  training	
  and	
  other	
  military	
   63	
  
activities.	
  	
   64	
  
	
   65	
  
	
   MIL-­‐PRF-­‐680	
  solvents	
  are	
  specified	
  for	
  use	
  in	
  all	
  maintenance	
  facilities,	
  impacting	
   66	
  
all	
  the	
  DoD,	
  Coast	
  Guard,	
  and	
  other	
  activities.	
  There	
  are	
  several	
  alternatives	
  to	
  the	
  MIL-­‐ 67	
  
PRF-­‐680/P-­‐D-­‐680	
  solvents,	
  including	
  water-­‐based	
  and	
  solvent-­‐based	
  cleaners.	
  Water-­‐ 68	
  
based	
  cleaners	
  contain	
  detergents	
  to	
  remove	
  grease	
  and	
  oil	
  and	
  may	
  be	
  used	
  at	
  elevated	
   69	
  
temperature	
  and	
  with	
  various	
  forms	
  of	
  agitation	
  such	
  as	
  spraying	
  or	
  ultrasonics.	
   70	
  
Disadvantages	
  include	
  flash	
  rusting,	
  hydrogen	
  embrittlement	
  of	
  high	
  strength	
  steel,	
  and	
   71	
  
poor	
  cleaning	
  efficiency.	
  Semi-­‐aqueous	
  processes	
  incorporate	
  not	
  only	
  detergents,	
  but	
  also	
   72	
  
solvents	
  to	
  improve	
  effectiveness;	
  some	
  products	
  contain	
  solvents	
  emulsified	
  in	
  water	
   73	
  
while	
  others	
  contain	
  rinsable	
  solvents.	
  	
   74	
  

	
   75	
  
Some	
  regions	
  in	
  the	
  United	
  States	
  allow	
  limited	
  amounts	
  of	
  exempt	
  solvent	
  in	
  a	
   76	
  

solvent-­‐cleaning	
  blend.	
  Air	
  Pollution	
  Control	
  Districts	
  in	
  California	
  and	
  Maryland	
   77	
  
implement	
  the	
  most	
  stringent	
  requirements,	
  usually	
  stated	
  in	
  terms	
  of	
  VOC	
  content	
  and	
   78	
  
vapor	
  pressure,	
  respectively.	
  The	
  San	
  Joaquin	
  Valley	
  Air	
  Pollution	
  Control	
  District	
  has	
   79	
  
imposed	
  restrictions	
  limiting	
  the	
  use	
  of	
  solvents	
  with	
  VOC	
  content	
  to	
  a	
  maximum	
  of	
  25g/L	
   80	
  
in	
  California.	
  Maryland	
  has	
  forbidden	
  the	
  use	
  of	
  HAP-­‐containing	
  materials	
  and	
  has	
  placed	
  a	
   81	
  
limit	
  of	
  1	
  mmHg	
  vapor	
  pressure	
  for	
  degreasing	
  solvents.	
  This	
  would	
  require	
  the	
  acquisition	
   82	
  
of	
  special	
  solvent	
  cleaning	
  equipment	
  by	
  the	
  military	
  to	
  keep	
  using	
  MIL-­‐PRF-­‐680	
  solvents	
   83	
  
that	
  do	
  not	
  comply	
  with	
  this	
  regulation.	
   84	
  
	
  	
   	
   85	
  
	
   There	
  are	
  other	
  issues	
  in	
  addition	
  to	
  environmental	
  protection	
  and	
  concerns	
  over	
   86	
  
worker	
  safety.	
  For	
  example,	
  it	
  is	
  a	
  major	
  concern	
  that	
  the	
  material	
  integrity	
  may	
  be	
   87	
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   2	
  

compromised	
  after	
  the	
  use	
  of	
  aggressive	
  chemical	
  cleaning	
  on	
  large-­‐frame	
  aircraft	
   88	
  
construction	
  materials.	
  Material	
  compatibility	
  is	
  critical	
  for	
  the	
  follow-­‐up	
  use	
  of	
  cleaned	
  or	
   89	
  
decontaminated	
  weapons	
  platforms	
  and	
  systems.	
  The	
  material	
  compatibility	
  problems	
   90	
  
directly	
  affect	
  the	
  performance	
  of	
  the	
  structural	
  integrity	
  of	
  an	
  aircraft	
  frame,	
  therefore,	
   91	
  
impacting	
  the	
  success	
  of	
  a	
  mission.	
  Previous	
  tests	
  at	
  the	
  Eglin	
  Air	
  Force	
  Base	
  in	
  Florida	
   92	
  
using	
  EasyDecon	
  DF-­‐100	
  on	
  a	
  BIS	
  (2	
  ethylhexyl)	
  hydrogen	
  phosphite	
  sprayed	
  C-­‐141	
   93	
  
aircraft	
  showed	
  significant	
  embrittlement	
  of	
  high	
  strength	
  steel.	
  The	
  failures	
  were	
   94	
  
encountered	
  in	
  as	
  little	
  as	
  1.7	
  hours	
  at	
  45%	
  notched	
  tensile	
  strength.	
  Thus,	
  the	
  results	
   95	
  
raised	
  serious	
  concerns	
  about	
  the	
  use	
  of	
  water-­‐based	
  and	
  non-­‐aqueous	
  liquid	
  cleaning	
   96	
  
chemicals	
  on	
  aircraft	
  construction	
  materials.	
  Furthermore,	
  liquid	
  waste	
  produced	
  by	
  the	
   97	
  
cleaning	
  process	
  could	
  potentially	
  cause	
  secondary	
  contamination	
  to	
  soil	
  and	
  water	
  in	
  the	
   98	
  
environment.	
  The	
  liquid	
  waste	
  also	
  increases	
  the	
  risk	
  of	
  worker	
  exposure	
  that	
  could	
  be	
   99	
  
avoided	
  totally	
  if	
  a	
  non-­‐liquid	
  cleaning	
  technique	
  can	
  be	
  developed.	
   100	
  
	
   101	
  
	
   One	
  alternative	
  to	
  the	
  “wet”	
  approach	
  is	
  the	
  Atmospheric	
  Pressure	
  NonThermal	
   102	
  
Plasma	
  (AP	
  NTP)	
  technology.	
  Nonthermal	
  plasma	
  is	
  a	
  partially	
  ionized	
  gas	
  generated	
  by	
   103	
  
any	
  potential	
  form	
  of	
  power	
  to	
  discharge	
  and	
  transfer	
  the	
  energy	
  to	
  gas	
  molecules	
  in	
  the	
   104	
  
surrounding.	
  During	
  the	
  initiation	
  process,	
  the	
  excited	
  gas	
  molecules	
  then	
  transfer	
  the	
   105	
  
electron	
  energy	
  to	
  neutral	
  species	
  by	
  inelastic	
  collisions	
  forming	
  highly	
  reactive	
  metastable	
   106	
  
free-­‐radical	
  species	
  like	
  singlet	
  oxygen,	
  hydroxyl,	
  and	
  hydroperoxyl	
  radicals.	
  The	
  plasma	
   107	
  
can	
  be	
  generated	
  by	
  electrical	
  means	
  in	
  the	
  form	
  of	
  direct	
  current	
  (DC)	
  as	
  in	
  DC	
  glow	
   108	
  
discharge	
  (e.g.,	
  Akishev	
  et	
  al.,	
  1993;	
  Machala	
  et	
  al.,	
  2004),	
  alternative	
  current	
  (AC)	
  (e.g.,	
   109	
  
Akishev	
  et	
  al.,	
  2002;	
  Lu	
  and	
  Laroussi,	
  2006a),	
  or	
  pulsed	
  direct	
  current	
  (Walsh,	
  Shi,	
  and	
   110	
  
Kong,	
  2006).	
  Ganguli	
  and	
  Tarey	
  (2002)	
  is	
  a	
  good	
  reference	
  of	
  electricity-­‐powered	
  plasma	
   111	
  
sources.	
  Radiofrequency	
  has	
  also	
  been	
  applied	
  extensively	
  in	
  the	
  past	
  to	
  power	
  and	
  to	
   112	
  
generate	
  nonthermal	
  plasma	
  (e.g.,	
  Yeong	
  et	
  al.,	
  1998;	
  Guo	
  et	
  al.,	
  2003))	
  for	
  various	
   113	
  
applications.	
  Recently,	
  dielectric	
  barrier	
  discharge	
  driven	
  by	
  pulsed	
  electric	
  power	
  has	
  also	
   114	
  
gained	
  interest	
  (e.g.,	
  Lu	
  and	
  Laroussi,	
  2006a	
  &	
  2006b).	
  The	
  thermal	
  temperature	
  of	
   115	
  
nonthermal	
  plasma	
  is	
  low	
  and	
  does	
  not	
  have	
  sufficient	
  enthalpy	
  to	
  trigger	
  detonation,	
   116	
  
combustion,	
  or	
  even	
  to	
  burn	
  human	
  skin.	
  Thus,	
  nonthermal	
  plasma	
  is	
  commonly	
  called	
   117	
  
“cold	
  plasma”.	
  The	
  reactive	
  species	
  generated	
  in	
  the	
  nonthermal	
  plasma	
  react	
  with	
  a	
   118	
  
contaminated	
  surface	
  in	
  the	
  proximity	
  of	
  the	
  gas-­‐exiting	
  nozzle	
  forming	
  a	
  well-­‐defined	
   119	
  
shape	
  of	
  glow.	
  Figure	
  1	
  shows	
  two	
  photos	
  of	
  nonthermal	
  plasma	
  generated	
  by	
  (Figure	
  1a)	
   120	
  
radiofrequency	
  power	
  and	
  (Figure	
  1b)	
  direct-­‐current	
  electrical	
  discharge.	
   121	
  
	
   122	
  



	
   	
   ORNL/TM-­‐2011/155	
  

	
   3	
  

AP	
  NTP	
  is	
  different	
  from	
  a	
  hot	
  plasma	
  created	
  by	
  laser-­‐induced	
  breakdown	
  and	
   123	
  
ablation	
  that	
  latter	
  was	
  primarily	
  used	
  for	
  removing	
  heavy	
  metals	
  and	
  radionuclides	
  from	
   124	
  
contaminated	
  surfaces	
  in	
  many	
  of	
  the	
  nuclear	
  complexes	
  (Lee	
  and	
  Cheng,	
  2004a	
  and	
   125	
  
2004b)	
  owned	
  by	
  the	
  US	
  Department	
  of	
  Energy	
  (DOE).	
  Previous	
  research	
  indicated	
  that	
  AP	
   126	
  
NTP	
  is	
  effective	
  in	
  the	
  destruction	
  of	
  chemical	
  and	
  biological	
  warfare	
  agents	
  (Hermann	
  et	
   127	
  
al.,	
  1999;	
  Laroussi,	
  2002).	
  Atmospheric	
  pressure	
  nonthermal	
  plasma	
  treatment	
  has	
  gained	
   128	
  
interest	
  in	
  the	
  recent	
  years	
  in	
  many	
  applications	
  such	
  as	
  decontamination	
  of	
  surfaces,	
   129	
  
medical	
  disinfection,	
  surface	
  modification	
  of	
  polymers,	
  and	
  other	
  optical	
  devices.	
  Laroussi	
   130	
  
(2002)	
  and	
  Tendero	
  et	
  al.	
  (2006)	
  provided	
  general	
  review	
  of	
  the	
  technology.	
   131	
  

	
   132	
  
Since	
  AP	
  NTP	
  is	
  nonthermal,	
  it	
  does	
  not	
  conduct	
  heat	
  to	
  the	
  treated	
  surface	
  and	
   133	
  

therefore	
  eliminates	
  the	
  possibility	
  of	
  thermal	
  damage.	
  Moreover,	
  there	
  is	
  no	
  possibility	
  for	
   134	
  
material	
  damage	
  by	
  liquid	
  since	
  no	
  liquid	
  is	
  used	
  in	
  the	
  AP	
  NTP	
  process.	
  Cleaning	
  by	
   135	
  
nonthermal	
  plasma	
  was	
  found	
  to	
  rapidly	
  destruct	
  biological	
  contaminations.	
  The	
  times	
  are	
   136	
  
typically	
  in	
  the	
  range	
  of	
  seconds,	
  as	
  opposed	
  to	
  the	
  “wet”	
  approach	
  that	
  can	
  take	
  up	
  to	
  at	
   137	
  
least	
  30	
  min.	
  For	
  example,	
  destruction	
  of	
  B.	
  globigii	
  spores	
  was	
  reported	
  to	
  be	
  within	
  30s	
   138	
  
by	
  Hermann	
  et	
  al.	
  (1999).	
  This	
  high-­‐rate	
  cleaning	
  can	
  be	
  a	
  very	
  important	
  attribute	
  of	
  AP	
   139	
  
NTP	
  that	
  also	
  does	
  not	
  produce	
  liquid	
  waste	
  for	
  additional	
  treatment.	
  There	
  are	
  several	
   140	
  
known	
  advantages	
  to	
  using	
  a	
  nonthermal	
  plasma	
  technology	
  for	
  surface	
  cleaning	
  and	
   141	
  
decontamination,	
  for	
  example:	
   142	
  

	
   143	
  
1. Ability	
  to	
  operate	
  at	
  atmospheric	
  pressure	
  and	
  room	
  temperature,	
   144	
  
2. No	
  residue	
  presence	
  after	
  the	
  cleaning,	
   145	
  
3. Capable	
  of	
  cleaning	
  a	
  wide	
  range	
  of	
  contaminants	
  in	
  a	
  few	
  seconds,	
   146	
  
4. Converting	
  waste	
  into	
  low	
  toxicity	
  or	
  benign	
  gaseous	
  form	
  (can	
  be	
  collected	
  by	
   147	
  

filters	
  or	
  traps	
  if	
  needed),	
   148	
  

	
  
	
  

Figure	
  1a.	
  Examples	
  of	
  AP	
  NTP	
  driven	
  by	
  
radiofrequency	
  power	
  and	
  shaped	
  as	
  a	
  line	
  
plasma	
  

Figure	
  1b.	
  Example	
  of	
  AP	
  NTP	
  driven	
  by	
  direct	
  
current	
  (DC)	
  and	
  shaped	
  like	
  a	
  round	
  jet	
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5. No	
  liquid	
  waste	
  to	
  treat	
  or	
  collect/store	
  after	
  the	
  cleaning	
  operation,	
  causing	
  no	
   149	
  
secondary	
  pollution	
  as	
  a	
  wet	
  method	
  would,	
   150	
  

6. No	
  requirement	
  of	
  line-­‐of-­‐sight	
  like	
  some	
  hot	
  plasma	
  or	
  photon-­‐induced	
  cleaning	
   151	
  
techniques,	
   152	
  

7. High	
  scalability	
  enabling	
  flexible	
  development	
  of	
  a	
  hand-­‐held	
  device	
  or	
  a	
  scale-­‐up	
   153	
  
cleaning	
  system,	
  and	
   154	
  

8. Minimal	
  or	
  no	
  damage	
  to	
  the	
  treated	
  material	
  surfaces.	
   155	
  
	
   156	
  

AP	
  NTP	
  has	
  been	
  applied	
  to	
  a	
  wide	
  range	
  of	
  problems	
  such	
  as	
  removal	
  of	
   157	
  
bioaerosols	
  (e.g.,	
  Hermann	
  et	
  al.,	
  1999)	
  and	
  treatment	
  of	
  polymer	
  surfaces	
  (e.g.,	
  Laroussi,	
   158	
  
2002).	
  Even	
  with	
  such	
  a	
  large	
  experience	
  base,	
  there	
  remain	
  unknowns	
  associated	
  with	
   159	
  
applying	
  AP	
  NTP	
  to	
  intended	
  surface	
  decontamination	
  technology	
  [for	
  military	
  weapons	
   160	
  
systems	
  and	
  platforms]	
  for	
  removal	
  of	
  greases,	
  dirt,	
  and	
  chembio	
  agents.	
  As	
  discussed	
   161	
  
earlier,	
  one	
  of	
  the	
  unknowns	
  is	
  the	
  material	
  integrity	
  of	
  the	
  surface	
  after	
  cleaning.	
  Would	
   162	
  
the	
  morphology,	
  mechanical,	
  thermal,	
  optical,	
  and	
  electrical	
  properties	
  be	
  affected	
  after	
  the	
   163	
  
AP	
  NTP	
  treatment?	
  	
  Another	
  unknown	
  is	
  the	
  effectiveness	
  of	
  the	
  removal	
  of	
  contaminants	
   164	
  
to	
  be	
  addressed	
  in	
  this	
  report,	
  since	
  there	
  are	
  no	
  known	
  publications	
  in	
  the	
  open	
  literature?	
  	
   165	
  
Potential	
  production	
  of	
  nanoparticles	
  and	
  gas	
  species	
  through	
  the	
  rapid	
  plasma	
  oxidation	
   166	
  
with	
  the	
  contaminants	
  are	
  contaminant	
  dependent	
  and	
  the	
  emissions	
  remain	
   167	
  
undetermined.	
   168	
  

	
   169	
  
	
   170	
  

2.	
  OBJECTIVES	
   171	
  
	
   172	
  

The	
  objective	
  of	
  this	
  limited-­‐scope	
  12-­‐month	
  SERDP	
  project	
  is	
  to	
  explore	
  the	
   173	
  
feasibility	
  of	
  the	
  technology	
  in	
  dry	
  removal	
  of	
  contaminants.	
  The	
  following	
  two	
  specific	
   174	
  
questions	
  are	
  addressed:	
   175	
  
	
   176	
  

1. How	
  effective	
  is	
  the	
  AP	
  NTP	
  in	
  the	
  removal	
  of	
  selected	
  contaminants	
  without	
   177	
  
harming	
  the	
  support	
  substrate?	
   178	
  
	
   179	
  

2. What	
  byproducts	
  may	
  the	
  AP	
  NTP	
  technique	
  produce?	
   180	
  
 181	
  

	
   	
   182	
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3.	
  MATERIALS	
  AND	
  APPROACH 183	
  
	
   184	
  

We	
  initially	
  proposed	
  to	
  investigate	
  effects	
  of	
  AP	
  NTP	
  on	
  metallic	
  and	
  non-­‐metallic	
   185	
  
substrates	
  during	
  the	
  removal	
  of	
  contaminants	
  that	
  include	
  grease	
  and	
  dust.	
  After	
   186	
  
extensive	
  discussion	
  with	
  our	
  military	
  partners,	
  Air	
  Force	
  Academy	
  in	
  Colorado	
  and	
  Eglin	
   187	
  
Air	
  Force	
  Base	
  in	
  Florida,	
  we	
  learned	
  that	
  one	
  of	
  the	
  military	
  platforms	
  that	
  is	
  commonly	
   188	
  
exposed	
  to	
  the	
  contaminants	
  is	
  aircraft	
  frame.	
  The	
  material	
  integrity	
  of	
  the	
  aircraft	
  frame	
  is	
   189	
  
important;	
  thus,	
  as	
  discussed	
  earlier,	
  the	
  degradation	
  of	
  tensile	
  strength	
  after	
  wet	
  cleaning	
   190	
  
is	
  unacceptable.	
  We	
  are	
  persuaded	
  to	
  focus	
  on	
  using	
  the	
  military	
  aircraft	
  frame	
  as	
  the	
   191	
  
primary	
  substrate	
  in	
  our	
  study.	
  This	
  change	
  would	
  make	
  the	
  test	
  substrate	
  relevant	
  to	
  DoD	
   192	
  
applications,	
  and	
  also	
  permit	
  us	
  to	
  focus	
  on	
  addressing	
  the	
  objectives	
  by	
  not	
  spreading	
   193	
  
ourselves	
  too	
  thin	
  on	
  two	
  different	
  substrates.	
  The	
  preparation	
  of	
  test	
  samples,	
   194	
  
characterization	
  of	
  the	
  samples	
  before	
  and	
  after	
  the	
  NTP	
  treatment,	
  and	
  optical	
  assessment	
   195	
  
of	
  the	
  treated	
  samples	
  are	
  described	
  in	
  this	
  section.	
   196	
  

3.1.	
  Description	
  of	
  Sample	
  Substrate	
  and	
  Preparation	
  of	
  the	
  Samples	
   197	
  
	
   198	
  
The	
  substrate	
  we	
  used	
  in	
  the	
  experiments	
  was	
  C-­‐17	
  airframe	
  material	
  of	
  4”	
  wide	
   199	
  

and	
  12”	
  long.	
  The	
  material	
  has	
  a	
  honeycomb	
  structure	
  coated	
  by	
  a	
  carbonaceous	
  polymer	
   200	
  
layer	
  that	
  is	
  embedded	
  with	
  metal;	
  it	
  is	
  a	
  composite	
  material,	
  lightweight,	
  and	
  structurally	
   201	
  
strong.	
  A	
  photograph	
  of	
  the	
  airframe	
  substrate	
  is	
  shown	
  in	
  Figure	
  2.	
  Airframes	
  are	
   202	
  
constantly	
  exposed	
  to	
  contaminants.	
  LtCol.	
  Richard	
  Schoske	
  from	
  the	
  Air	
  Force	
  Academy	
   203	
  
recommended	
  the	
  composite	
  material	
  as	
  a	
  test	
  substrate	
  for	
  this	
  project.	
  Since	
  this	
   204	
  
substrate	
  is	
  a	
  composite,	
  we	
  decided	
  to	
  use	
  just	
  this	
  since	
  it	
  has	
  both	
  metallic	
  and	
  non-­‐ 205	
  
metallic	
  components	
  in	
  its	
  structure.	
  This	
  way,	
  we	
  could	
  focus	
  on	
  achieving	
  the	
  objective	
   206	
  
more	
  effectively	
  within	
  our	
  limited	
  resources.	
  All	
  the	
  experiments	
  were	
  done	
  on	
  the	
   207	
  
composite	
  airframe	
  material,	
  except	
  those	
  on	
  glass	
  slides	
  for	
  some	
  additional	
  tests.	
   208	
  

	
   209	
  

  
	
  
Figure	
  2a.	
  Photo	
  showing	
  an	
  airframe	
  
sample	
  used	
  as	
  the	
  substrate	
  in	
  this	
  
project.	
   

	
  
Figure	
  2b.	
  Photo	
  showing	
  the	
  cross	
  section	
  of	
  an	
  
airframe	
  sample	
  used	
  as	
  the	
  substrate	
  in	
  this	
  
project.	
  The	
  honeycomb	
  structure	
  is	
  sandwiched	
  
in	
  between	
  two	
  layers	
  of	
  metallic-­‐polymer	
  skins	
  
in	
  light	
  blue	
  color.	
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   The	
  contaminants	
  that	
  were	
  used	
  for	
  testing	
  AP	
  NTP	
  removal	
  include	
  (1)	
  marker	
   210	
  
stain,	
  (2)	
  oil	
  grease,	
  (3)	
  a	
  chemical	
  warfare	
  simulant,	
  and	
  (4)	
  pollen	
  grains.	
  The	
  marker	
   211	
  
stain	
  was	
  a	
  blue	
  color	
  Hi-­‐Liter	
  fluorescence	
  marker	
  made	
  by	
  Avery	
  Dennison	
  in	
   212	
  
Framingham,	
  MA.	
  The	
  oil	
  grease	
  was	
  vacuum	
  pump	
  oil	
  from	
  Liqua-­‐Tek,	
  Inc.	
  at	
   213	
  
Oconomowoc,	
  WI.	
  The	
  chemical	
  warfare	
  simulant	
  Triisopropyl	
  phosphate	
  (TIP),	
  as	
  the	
   214	
  
simulant	
  for	
  VX,	
  was	
  obtained	
  from	
  Sigma	
  Aldrich.	
  TIP	
  is	
  a	
  stable	
  compound	
  under	
  normal	
   215	
  
room	
  temperature	
  and	
  pressure,	
  but	
  is	
  a	
  mutagen	
  upon	
  exposure	
  above	
  the	
  permissible	
   216	
  
level.	
  TIP	
  is	
  moisture	
  sensitive,	
  and	
  it	
  will	
  decompose	
  into	
  phosphine,	
  carbon	
  monoxide,	
   217	
  
oxides	
  of	
  phosphorus,	
  and	
  carbon	
  dioxide.	
  The	
  pollen	
  grains	
  were	
  of	
  Ambrosia	
  species	
   218	
  
(commonly	
  called	
  as	
  ragweed)	
  from	
  the	
  Greer	
  Lab	
  in	
  Lenoir	
  City,	
  NC.	
  Pollen	
  grains	
  are	
  very	
   219	
  
hardy	
  materials,	
  primarily	
  composed	
  of	
  carbon.	
  The	
  elevation	
  of	
  pollen	
  counts	
  has	
  strong	
   220	
  
seasonality.	
  Contamination	
  by	
  pollen	
  grains	
  varies	
  with	
  season	
  and	
  locality.	
  A	
  pollen	
  grain	
   221	
  
is	
  the	
  vehicle	
  of	
  plant	
  reproduction	
  and	
  can	
  travel	
  in	
  the	
  air	
  over	
  a	
  great	
  distance.	
  The	
  first	
   222	
  
contaminant	
  (i.e.,	
  marker	
  stain)	
  listed	
  above	
  was	
  never	
  used	
  on	
  the	
  airframe	
  substrate	
  for	
   223	
  
testing,	
  but	
  was	
  used	
  on	
  a	
  glass	
  slide	
  to	
  allow	
  for	
  use	
  in	
  optical	
  microscopy	
  to	
  visualize	
  the	
   224	
  
removal	
  process.	
   225	
  
	
   226	
  

Although	
  we	
  spread	
  TIP	
  and	
  oil	
  grease	
  to	
  form	
  thin	
  layers	
  of	
  complex	
  organic	
   227	
  
composition,	
  these	
  species	
  do	
  not	
  form	
  a	
  homogeneous	
  thin	
  layer	
  on	
  a	
  substrate	
  surface	
  in	
   228	
  
a	
  real	
  application.	
  A	
  thin	
  layer	
  model	
  is	
  only	
  for	
  our	
  experimental	
  convenience	
  and	
  to	
   229	
  
establish	
  a	
  condition	
  where	
  we	
  can	
  duplicate	
  work.	
  In	
  the	
  real	
  world,	
  these	
  liquid	
  droplets	
   230	
  
deform	
  upon	
  impaction	
  and	
  deposition	
  on	
  a	
  substrate	
  surface	
  resulting	
  in	
  some	
  spread,	
   231	
  
while	
  a	
  pollen	
  grain	
  does	
  not	
  deform	
  nor	
  spread	
  into	
  a	
  smear.	
  Pollen	
  is	
  a	
  bioaerosol	
  particle.	
   232	
  
Once	
  pollens	
  deposit	
  on	
  a	
  surface,	
  the	
  grains	
  stick	
  on	
  the	
  surface	
  as	
  a	
  single	
  entity	
  without	
   233	
  
any	
  spread.	
  The	
  rigid	
  pollen	
  structure	
  serves	
  as	
  a	
  protective	
  barrier	
  of	
  the	
  antigens	
  that	
  are	
   234	
  
typical	
  of	
  organic	
  molecules	
  that	
  could	
  be	
  destroyed	
  by	
  AP	
  NTP.	
  Therefore,	
  we	
  anticipate	
   235	
  
that	
  the	
  physical	
  structure	
  of	
  the	
  pollen	
  contaminant	
  to	
  would	
  produce	
  a	
  significant	
   236	
  
contrast	
  to	
  the	
  thin	
  organic	
  layer	
  in	
  the	
  AP	
  NTP	
  removal	
  mechanisms.	
  	
   237	
  
 238	
  

3.2.	
  Description	
  of	
  laboratory-­‐scaled	
  nonthermal	
  plasma	
  sources	
   239	
  
 240	
  

A	
  bench-­‐scale	
  nonthermal	
  plasma	
  source	
  was	
  assembled	
  during	
  the	
  first	
  couple	
  of	
   241	
  
months	
  of	
  this	
  project.	
  This	
  first	
  plasma	
  source	
  was	
  based	
  on	
  either	
  direct	
  current	
  or	
   242	
  
pulsed	
  direct	
  current	
  to	
  initiate	
  gas	
  breakdown	
  leading	
  to	
  the	
  formation	
  of	
  nonthermal	
   243	
  
plasma.	
  The	
  plasma	
  configuration	
  from	
  this	
  power	
  source	
  yielded	
  a	
  “jet-­‐like	
  plasma”	
  (see	
   244	
  
Figure	
  1b).	
  The	
  diameter	
  and	
  length	
  of	
  the	
  plasma	
  jet	
  can	
  be	
  varied	
  by	
  controlling	
  voltage,	
   245	
  
flow	
  rate	
  and	
  pulse	
  manipulation	
  (pulse	
  length	
  and	
  height).	
  In	
  other	
  words,	
  we	
  could	
   246	
  
stretch	
  plasma	
  from	
  a	
  few	
  cm	
  to	
  30	
  cm	
  in	
  length	
  by	
  varying	
  the	
  above-­‐mentioned	
   247	
  
parameters.	
  The	
  setup	
  of	
  this	
  plasma	
  source	
  was	
  to	
  enable	
  us	
  to	
  identify	
  a	
  possible	
  working	
   248	
  
condition	
  where	
  air	
  and	
  or	
  water	
  vapor	
  can	
  be	
  used	
  to	
  generate	
  nonthermal	
  plasma,	
   249	
  
because	
  all	
  current	
  AP	
  NTP	
  technology	
  operates	
  on	
  a	
  gas	
  mixture	
  of	
  helium	
  and	
  other	
  gases.	
   250	
  
Helium	
  was	
  the	
  main	
  gas	
  to	
  initiate	
  the	
  plasma,	
  but	
  helium	
  is	
  expensive.	
  Furthermore,	
  large	
   251	
  
amount	
  of	
  helium	
  is	
  generally	
  needed	
  making	
  the	
  helium-­‐based	
  AP	
  NTP	
  not	
  cost	
  effective	
   252	
  
or	
  attractive	
  to	
  the	
  decontamination	
  sector.	
   253	
  

	
   254	
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We	
  attempted	
  a	
  second	
  plasma	
  source	
  as	
  initially	
  proposed.	
  This	
  second	
  source	
  was	
   255	
  
based	
  on	
  the	
  design	
  of	
  Lin	
  and	
  Cheng	
  (2002),	
  Lee	
  and	
  Cheng	
  (2004a	
  and	
  2004b),	
  and	
   256	
  
Cheng	
  et	
  al.	
  (2006)	
  using	
  a	
  laser-­‐induced	
  breakdown	
  instead	
  of	
  pulsed	
  electrical	
   257	
  
breakdown	
  to	
  generate	
  transition	
  plasma.	
  Note	
  that	
  laser-­‐induced	
  plasma	
  contains	
  higher	
   258	
  
number	
  (~	
  1019)	
  of	
  electrons	
  and	
  ions	
  than	
  that	
  of	
  electrical	
  plasma	
  by	
  one	
  to	
  two	
  orders	
  of	
   259	
  
magnitude;	
  thus,	
  theoretically,	
  we	
  could	
  provide	
  a	
  more	
  effective	
  plasma	
  source	
  than	
  the	
   260	
  
electrical	
  power.	
  After	
  a	
  couple	
  of	
  months	
  of	
  trials	
  using	
  various	
  gas	
  mixtures	
  and	
   261	
  
combination	
  of	
  laser	
  power	
  parameters	
  (pulse	
  width,	
  energy,	
  and	
  repetition	
  rate),	
  we	
  were	
   262	
  
unable	
  to	
  produce	
  and	
  maintain	
  continuous	
  uninterrupted	
  nonthermal	
  plasma	
  based	
  on	
   263	
  
the	
  laser-­‐induced	
  breakdown	
  approach.	
  We	
  hypothesized	
  that	
  was	
  because	
  the	
  repetition	
   264	
  
rate	
  of	
  the	
  pulse	
  laser	
  firing	
  was	
  too	
  slow	
  (variable	
  with	
  a	
  maximum	
  of	
  20	
  Hz)	
  to	
  maintain	
   265	
  
the	
  free	
  radicals	
  population.	
  Our	
  laser	
  firing	
  repetition	
  rate	
  was	
  3-­‐4	
  orders	
  of	
  magnitude	
   266	
  
slower	
  than	
  the	
  rate	
  we	
  used	
  to	
  achieve	
  nonthermal	
  plasma	
  production	
  by	
  electrical	
  power.	
   267	
  

	
   268	
  
Finally,	
  we	
  acquired	
  a	
  commercial	
  nonthermal	
  plasma	
  source	
  for	
  additional	
  tests.	
   269	
  

This	
  plasma	
  source	
  was	
  operated	
  on	
  helium/oxygen	
  gas	
  mixture	
  and	
  was	
  driven	
  by	
   270	
  
radiofrequency	
  (RF)	
  power.	
  The	
  coupling	
  of	
  RF	
  power	
  at	
  27	
  MHz	
  to	
  the	
  gas	
  mixture	
  creates	
   271	
  
a	
  condition	
  where	
  breakdown	
  occurs	
  and	
  can	
  be	
  sustained	
  for	
  production	
  of	
  AP	
  NTP.	
  It	
  is	
   272	
  
important	
  to	
  note	
  that	
  the	
  max	
  power	
  of	
  this	
  unit	
  is	
  200W,	
  which	
  might	
  not	
  be	
  sufficient	
  for	
   273	
  
removal	
  or	
  destruction	
  of	
  particulate	
  material.	
  This	
  commercial	
  instrument	
  is	
  described	
  in	
   274	
  
the	
  Section	
  below.	
   275	
  
	
   276	
  
DC	
  Powered	
  AP	
  NTP	
  Source	
   277	
  
 278	
  

Figure	
  3	
  shows	
  the	
  internally	
  built	
  NTP	
  source	
  that	
  is	
  powered	
  by	
  DC	
  in	
  CW	
  or	
   279	
  
pulsed	
  mode	
  typically	
  at	
  several	
  thousand	
   280	
  
volts.	
  In	
  the	
  pulsed	
  mode,	
  the	
  pulse	
  rate	
  is	
  up	
   281	
  
to	
  	
   282	
  

2k	
  Hz.	
  The	
  black	
  circular	
  plate	
  at	
  the	
  top	
   283	
  
of	
  the	
  vertical	
  T	
  serves	
  as	
  the	
  anode,	
  while	
  the	
   284	
  
needle	
  inside	
  the	
  plastic	
  cover	
  delivers	
  the	
   285	
  
discharge	
  of	
  plasma	
  that	
  consists	
  of	
  a	
  mixture	
   286	
  
of	
  ions.	
  An	
  example	
  of	
  the	
  discharge	
  of	
  NTP	
   287	
  
powered	
  by	
  continuous	
  DC	
  is	
  shown	
  in	
  Figure	
   288	
  
1b	
  as	
  a	
  round	
  jet	
  with	
  a	
  length	
  of	
  nearly	
  25	
  cm	
   289	
  
and	
  diameter	
  approximates	
  the	
  exit	
  nozzle	
   290	
  
about	
  2-­‐5	
  mm.	
  This	
  setup	
  was	
  used	
  to	
   291	
  
investigate	
  the	
  removal	
  of	
  marker	
  stain	
  from	
  a	
   292	
  
glass	
  slide,	
  representing	
  substrate	
  such	
  as	
  a	
   293	
  
computer	
  monitor	
  or	
  LCD	
  screen.	
  The	
  gas	
   294	
  
mixture	
  used	
  in	
  the	
  experiments	
  is	
  a	
  mixture	
   295	
  
composing	
  of	
  helium,	
  water	
  vapor,	
  and	
  air.	
   296	
  
Helium	
  is	
  a	
  research	
  grade	
  gas	
  of	
  99.9%	
  purity,	
   297	
  
while	
  water	
  vapor	
  is	
  maintained	
  at	
  the	
  room	
   298	
  
temperature	
  at	
  21-­‐22°C.	
  Thus,	
  we	
  anticipate	
   299	
  
that	
  the	
  radicals	
  to	
  be	
  produced	
  by	
  this	
  setup	
   300	
  

	
  
Figure	
  3.	
  Photo	
  of	
  Experimental	
  Setup	
  of	
  
DC-­‐NTP	
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consist	
  of	
  O•,	
  OH•,	
  and	
  O3.	
  In	
  fact,	
  we	
  could	
  smell	
  the	
  presence	
  of	
  ozone	
  at	
  the	
  start	
  of	
  the	
   301	
  
NTP	
  forming	
  due	
  to	
  the	
  corona	
  discharging.	
   302	
  
	
   303	
  
Radiofrequency	
  Powered	
  AP	
  NTP	
  Source	
   304	
  
	
   305	
  
	
   A	
  commercial	
  AP	
  NTP	
  source	
  operated	
  on	
  RF	
  power	
  was	
  tested,	
  also,	
  during	
  this	
   306	
  
project.	
  The	
  commercial	
  instrument	
  is	
  shown	
  in	
  Figure	
  4a.	
  The	
  box	
  with	
  black	
  panel	
  at	
  the	
   307	
  
back	
  in	
  Figure	
  4a	
  is	
  the	
  control	
  and	
  driver	
  of	
  the	
  plasma	
  source.	
  The	
  frequency	
  of	
  the	
  RF	
   308	
  
the	
  instrument	
  operated	
  is	
  27.12	
  MHz,	
  and	
  the	
  power	
  operated	
  was	
  at	
  200W.	
  The	
  unit	
  was	
   309	
  
designed	
  to	
  operate	
  from	
  0	
  to	
  300W.	
  The	
  application	
  head	
  where	
  the	
  plasma	
  was	
  emitted	
  is	
   310	
  
shown	
  in	
  Figure	
  4b	
  and	
  the	
  plasma	
  is	
  shaped	
  like	
  a	
  glowing	
  sheet	
  (as	
  shown	
  in	
  Figure	
  1a).	
   311	
  
The	
  exit	
  nozzle	
  in	
  Figure	
  4b	
  is	
  linear	
  about	
  2”	
  (5.1cm)	
  in	
  length	
  and	
  weighs	
  about	
  0.25lbs	
   312	
  

(114g).	
  The	
  operating	
  gases	
  used	
  in	
  this	
  instrument	
  are	
  helium	
  and	
  oxygen	
  with	
  a	
  mixture	
   313	
  
composition	
  of	
  (95%	
  at	
  30lpm/5%	
  at	
  1.5lpm).	
  The	
  source-­‐to-­‐sample	
  distance	
  was	
   314	
  
operated	
  at	
  about	
  10mm	
  (the	
  manufacturer	
  recommended	
  range	
  is	
  3	
  to	
  15mm).	
  With	
   315	
  
helium	
  and	
  O2,	
  the	
  operating	
  gases	
  of	
  this	
  unit,	
  we	
  anticipate	
  that	
  the	
  radicals	
  produced	
  by	
   316	
  
this	
  unit	
  are	
  mostly	
  O�	
  and	
  O3.	
  Since	
  ozone	
  is	
  also	
  present,	
  we	
  conducted	
  this	
  experiment	
   317	
  
inside	
  a	
  ventilation	
  hood	
  enclosure.	
  Figure	
  4c	
  shows	
  an	
  example	
  of	
  the	
  plasma	
  source	
  on	
   318	
  

  
Figure	
  4a.	
  AP	
  NTP	
  from	
  Surfx	
  Technology	
   Figure	
  4b.	
  Close	
  up	
  of	
  the	
  AP	
  NTP	
  Head	
  

 

Figure	
  4c.	
  Display	
  of	
  RF	
  powered	
  AP	
  NTP	
  on	
  a	
  
airframe	
  sample.	
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the	
  airframe	
  substrate	
  during	
  a	
  treatment.	
  The	
  head	
  is	
  positioned	
  close	
  to	
  the	
  substrate	
   319	
  
surface	
  to	
  facilitate	
  the	
  reactions	
  by	
  free	
  radicals.	
  The	
  experimental	
  setup	
  is	
  in	
  a	
  ventilation	
   320	
  
hood	
  for	
  environmental	
  safety	
  and	
  health	
  precaution.	
   321	
  

3.3.	
  Characterization	
  of	
  the	
  material	
  surfaces	
   322	
  
 323	
  

Characterization	
  of	
  the	
  original/control	
  surfaces	
  and	
  the	
  treated	
  surfaces	
  yields	
   324	
  
information	
  to	
  understand	
  the	
  cleaning	
  performance.	
  For	
  this	
  proof-­‐of-­‐principle	
  research	
   325	
  
project,	
  we	
  proposed	
  a	
  set	
  of	
  limited	
  characterization	
  measures	
  such	
  as	
  visual	
  inspection	
  to	
   326	
  
be	
  reduced	
  by	
  using	
  a	
  digital	
  camera	
  and	
  image	
  analysis.	
  More	
  extensive	
  characterization	
  is	
   327	
  
required	
  to	
  ensure	
  the	
  material	
  integrity	
  after	
  a	
  NTP	
  removal,	
  but	
  surface	
  texture	
  is	
  the	
   328	
  
first	
  order	
  approximation	
  of	
  the	
  integrity	
  without	
  invoking	
  a	
  detailed	
  material	
  analysis.	
  	
   329	
  

 330	
  
The	
  proposed	
  set	
  of	
  characterization	
  consists	
  of	
  the	
  following:	
   331	
  
	
   332	
  
1. Optical	
  microscopy	
  examination	
  of	
  the	
  substrate	
  surface	
  before	
  and	
  after	
  the	
  NTP	
   333	
  

treatment.	
   334	
  
2. Scanning	
  transmission	
  electron	
  microscopy	
  of	
  selected	
  substrate	
  samples.	
   335	
  
3. In-­‐line	
  nanoparticle	
  characterization	
  by	
  a	
  commercial	
  instrument,	
  the	
  Scanning	
   336	
  

Mobility	
  Particle	
  Spectrometer,	
  to	
  monitor	
  production	
  of	
  ions	
  and	
  nanoparticles.	
   337	
  
4. In-­‐line	
  charge	
  characterization	
  by	
  an	
  aerosol	
  electrometer.	
   338	
  
5. In-­‐line	
  spectral	
  analysis	
  of	
  the	
  plasma	
  and	
  optical	
  emissions	
  to	
  identify	
  species	
  that	
  are	
   339	
  

produced	
  by	
  the	
  treatment.	
   340	
  
	
   341	
  
 342	
  

4.	
  RESULTS	
  AND	
  DISCUSSION	
   343	
  
	
   344	
  
	
   We	
  have	
  investigated	
  a	
  number	
  of	
  variables	
  that	
  were	
  considered	
  important	
  to	
  the	
   345	
  
deployment	
  of	
  this	
  technique	
  at	
  a	
  larger	
  scale.	
  The	
  composition	
  of	
  the	
  carrier	
  gas	
  is	
  one	
  of	
   346	
  
the	
  variables	
  because	
  the	
  composition	
  affects	
  the	
  final	
  population	
  of	
  reactive	
  species	
  as	
   347	
  
well	
  as	
  the	
  operational	
  cost.	
   348	
  

4.1.	
  Effects	
  of	
  Composition	
  of	
  Carrier	
  Gas	
  Mixture	
  on	
  Removal	
   349	
  
	
   350	
  
	
   The	
  effect	
  of	
  gas	
  composition	
  on	
  the	
  AP	
  NTP	
  plasma	
  cleaning	
  can	
  be	
  seen	
  in	
  Figure	
  5.	
   351	
  
This	
  AP	
  NTP	
  was	
  powered	
  by	
  a	
  direct	
  current	
  technique	
  (6kV).	
  We	
  purposely	
  operated	
  this	
   352	
  
NTP	
  at	
  low	
  power	
  to	
  test	
  the	
  reaction	
  at	
  an	
  extreme	
  operating	
  condition.	
  The	
  total	
   353	
  
volumetric	
  flow	
  rates	
  of	
  these	
  gas	
  mixtures	
  were	
  kept	
  at	
  2	
  slpm	
  in	
  all	
  experiments.	
  The	
   354	
  
curves	
  displayed	
  show	
  the	
  removal	
  rate	
  of	
  25	
  μg	
  color	
  stains	
  (marker	
  or	
  methylene	
  blue	
  of	
   355	
  
1cm	
  diameter	
  circles)	
  on	
  glass	
  slides.	
  The	
  optical	
  transmittance	
  (OT)	
  measures	
  the	
  amount	
   356	
  
of	
  light	
  passing	
  through	
  the	
  stain.	
  After	
  the	
  plasma	
  removal	
  operated	
  for	
  a	
  given	
  length	
  of	
   357	
  
time	
  (given	
  in	
  the	
  X-­‐axis),	
  the	
  OT	
  value	
  is	
  expected	
  to	
  increase	
  due	
  to	
  degradation	
  of	
  the	
   358	
  
coated	
  material	
  on	
  the	
  glass	
  substrate.	
  Since	
  NTP	
  has	
  little	
  enthalpy	
  and	
  does	
  not	
  “burn”	
   359	
  
the	
  material	
  as	
  in	
  the	
  combustion	
  sense,	
  we	
  did	
  not	
  anticipate	
  NTP	
  to	
  turn	
  organic	
   360	
  
molecules	
  into	
  black	
  carbon	
  through	
  pyrolysis.	
  Therefore,	
  the	
  slope	
  of	
  a	
  curve	
  indicates	
  the	
   361	
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removal	
  rate.	
  The	
  OT	
  value	
  for	
  a	
  clean	
  slide	
  is	
  constant	
  and	
  close	
  to	
  1.0	
  as	
  shown	
  in	
  the	
   362	
  
light	
  blue	
  color	
  with	
  a	
  legend	
  “CleanSlide”.	
  Most	
  curves	
  are	
  upward	
  with	
  the	
  exception	
  of	
   363	
  
the	
  HeO2	
  mixture,	
  which	
  showed	
  a	
  downward	
  trend.	
  Duplicated	
  experiments	
  with	
  HeO2	
  as	
   364	
  
the	
  carrier	
  gas	
  did	
  not	
  consistently	
  yield	
  the	
  downward	
  trend;	
  some	
  were	
  even	
  reversing	
   365	
  
the	
  downward	
  trend.	
  We	
  did	
  not	
  know	
  what	
  might	
  have	
  caused	
  the	
  downward	
  trend	
  for	
   366	
  
the	
  case	
  using	
  HeO2.	
  We	
  left	
  this	
  case	
  in	
  Figure	
  5	
  hoping	
  that	
  it	
  might	
  remind	
  us	
  that	
  this	
   367	
  
case	
  needs	
  to	
  be	
  looked	
  at.	
  Note	
  that	
  using	
  helium	
  case	
  in	
  a	
  field	
  operation	
  may	
  be	
  costly	
  so	
   368	
  
the	
  case	
  of	
  HeO2	
  may	
  just	
  be	
  a	
  moot	
  point.	
   369	
  
	
   370	
  

The	
  comparison	
  of	
  the	
  curves	
  shows	
  that	
  the	
  removal	
  generally	
  increased	
  from	
  OT	
   371	
  
of	
  0.6	
  to	
  0.8	
  by	
  the	
  mixtures	
  of	
  (1)	
  AirH2O	
  and	
  (2)	
  ArO2.	
  Other	
  combinations	
  appear	
  to	
  level	
   372	
  

off	
  at	
  less	
  than	
  0.7	
  after	
  an	
  hour	
  of	
  treatment.	
  This	
  provides	
  an	
  encouraging	
  result	
  showing	
   373	
  
that	
  a	
  scale-­‐up	
  NTP	
  may	
  be	
  feasible	
  for	
  field	
  operation	
  on	
  large	
  weapons	
  systems	
  and	
   374	
  
platforms	
  by	
  using	
  a	
  mixture	
  of	
  air	
  (particle	
  free)	
  and	
  water	
  vapor	
  (at	
  21°C)	
  instead	
  of	
   375	
  
expensive	
  gases	
  like	
  He	
  and	
  Ar	
  in	
  a	
  large-­‐scale	
  field	
  operation.	
   376	
  

4.2.	
  Evaluation	
  of	
  Surface	
  Damage	
  by	
  Heat	
  Associated	
  with	
  the	
  Plasma	
   377	
  
	
   378	
  

Damage	
  to	
  the	
  substrate	
  material	
  may	
  cause	
  mis-­‐interpretation	
  of	
  the	
  results,	
  since	
   379	
  
the	
  damage	
  could	
  bias	
  the	
  performance	
  assessment	
  of	
  the	
  NTP	
  removal.	
  The	
  reactive	
  gas	
   380	
  
emitted	
  from	
  the	
  nozzle	
  for	
  decontamination	
  use	
  does	
  not	
  have	
  sufficient	
  enthalpy	
  to	
  heat,	
   381	
  

	
  

Figure	
  5.	
  Plot	
  of	
  optical	
  transmission	
  verse	
  time	
  of	
  exposure	
  in	
  minutes	
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but	
  the	
  radiofrequency	
  power	
  could	
  heat	
  the	
  nozzle	
  head	
  of	
  this	
  commercial	
  unit.	
  Since	
  the	
   382	
  
distance	
  between	
  the	
  substrate	
  surface	
  and	
  the	
  nozzle	
  head	
  is	
  short	
  (≤	
  10mm),	
  the	
  hot	
   383	
  
nozzle	
  body	
  could	
  impose	
  thermal	
  removal	
  process	
  on	
  the	
  surface	
  by	
  transferring	
  radiant	
   384	
  
heat	
  to	
  the	
  surface.	
  Further,	
  the	
  heat	
  could	
  be	
  added	
  to	
  the	
  gas	
  flowing	
  through	
  the	
  nozzle	
   385	
  
thereby	
  making	
  the	
  reactive	
  flow	
  hot.	
  This	
  would	
  lead	
  to	
  additional	
  removal	
  that	
   386	
  
unfortunately	
  could	
  contribute	
  to	
  biased	
  experimental	
  data	
  that	
  could	
  have	
  been	
  prevented.	
   387	
  
To	
  mitigate	
  the	
  thermal	
  effect,	
  we	
  determined	
  the	
  optimal	
  distance	
  for	
  the	
  NTP	
  removal	
   388	
  
experiments,	
  factoring	
  in	
  the	
  concern	
  of	
  thermal	
  damage	
  and	
  effective	
  removal	
  by	
  reactive	
   389	
  
gases,	
  by	
  conducting	
  damage	
  assessment	
  first.	
   390	
  

	
   391	
  

	
  
	
  

Figure	
  6.	
  A	
  photo	
  showing	
  substrate	
  under	
  damage	
  test	
  

	
   392	
  
We	
  used	
  a	
  K-­‐type	
  thermocouple	
  probe	
  to	
  measure	
  the	
  gas	
  temperature	
  as	
  a	
  function	
   393	
  

of	
  distance	
  from	
  the	
  source	
  nozzle	
  tip	
  at	
  the	
  head.	
  Operated	
  at	
  200W	
  power,	
  the	
   394	
  
temperature	
  was	
  about	
  160°C	
  at	
  the	
  source,	
  and	
  110°C	
  at	
  about	
  15mm	
  distance	
  from	
  the	
   395	
  
source	
  (a	
  maximum	
  application	
  distance	
  suggested	
  by	
  the	
  manufacturer	
  in	
  the	
  manual).	
   396	
  
The	
  numbers	
  in	
  Figure	
  6	
  indicated	
  at	
  the	
  bottom	
  show	
  the	
  duration	
  in	
  minutes	
  that	
  the	
   397	
  
NTP	
  was	
  on.	
  The	
  distance	
  between	
  the	
  head	
  and	
  sample	
  substrate	
  surface	
  was	
  set	
  at	
  a	
   398	
  
distance	
  of	
  10mm.	
  As	
  shown	
  in	
  Figure	
  6,	
  there	
  was	
  no	
  discernible	
  discoloration	
  up	
  to	
  8	
   399	
  
minutes.	
  In	
  other	
  words,	
  it	
  appears	
  that	
  the	
  airframe	
  substrate	
  was	
  able	
  to	
  resist	
  the	
  heat	
  at	
   400	
  
110°C	
  for	
  about	
  8	
  minutes	
  before	
  the	
  surface	
  property	
  was	
  modified	
  and	
  started	
  to	
  appear	
   401	
  
reflective.	
  Also	
  reactive	
  gas	
  molecules	
  might	
  have	
  contributed	
  to	
  the	
  visual	
  discoloration,	
   402	
  
but	
  the	
  data	
  suggested	
  the	
  operating	
  time	
  should	
  be	
  less	
  than	
  8	
  minutes	
  when	
  using	
  this	
   403	
  
commercial	
  head	
  to	
  be	
  safe	
  in	
  preventing	
  thermal	
  damage	
  to	
  the	
  surface	
  of	
  the	
  substrate.	
   404	
  

	
   405	
  
The	
  vendor	
  indicated	
  that	
  the	
  instrument	
  head	
  could	
  be	
  retrofitted	
  with	
  a	
  cooling	
   406	
  

unit	
  such	
  that	
  the	
  gas	
  from	
  the	
  plasma	
  would	
  be	
  cool	
  to	
  touch	
  at	
  10mm	
  or	
  shorter.	
  Our	
   407	
  
experience	
  also	
  suggested	
  that	
  if	
  future	
  development	
  of	
  the	
  instrument	
  is	
  warranted	
  to	
   408	
  
operate	
  at	
  a	
  power	
  higher	
  than	
  operated	
  for	
  this	
  project,	
  a	
  cooling	
  unit	
  (e.g.,	
  circulating	
   409	
  
water	
  through	
  the	
  head)	
  would	
  be	
  required.	
   410	
  

	
   411	
  
Although	
  there	
  are	
  many	
  American	
  standard	
  material	
  testing	
  methods	
  available,	
  we	
   412	
  

did	
  not	
  use	
  any	
  of	
  them	
  to	
  evaluate	
  details	
  of	
  the	
  material	
  properties;	
  e.g.,	
  mechanical	
  or	
   413	
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structural	
  properties	
  of	
  this	
  airframe	
  due	
  to	
  resource	
  limitation.	
  We	
  felt	
  detailed	
  testing	
   414	
  
should	
  be	
  done	
  for	
  more	
  specific	
  application.	
  During	
  the	
  exploration	
  phase	
  of	
  this	
  limited-­‐ 415	
  
scope	
  project,	
  the	
  visual	
  discoloration	
  was	
  a	
  clear	
  evidence	
  of	
  potential	
  surface	
  damage.	
   416	
  

 417	
  

4.3.	
  Removal	
  of	
  Oil	
  Grease	
  and	
  CWA	
  coated	
  surfaces	
   418	
  
	
   419	
  

	
  
Figure	
  7.	
  Removal	
  of	
  Oil	
  Grease.	
  [a]	
  Untreated	
  original	
  substrate	
  surface,	
  [b]	
  Oil	
  treated	
  surface	
  of	
  the	
  
same	
  area	
  as	
  shown	
  in	
  [a],	
  [c]	
  RF-­‐NTP	
  treated	
  surface	
  of	
  the	
  same	
  area	
  as	
  shown	
  in	
  [a]	
  and	
  [b]	
  

	
  
	
   420	
  
	
   Oil	
  and	
  grease	
  are	
  common	
  contaminants	
  in	
  many	
  weapons	
  platforms	
  and	
  systems.	
   421	
  
This	
  category	
  of	
  contaminants	
  consists	
  mostly	
  of	
  organic	
  molecules	
  with	
  a	
  minute	
  amount	
   422	
  
of	
  metals	
  in	
  it.	
  An	
  example	
  of	
  the	
  removal	
  of	
  an	
  oil	
  film	
  attached	
  to	
  an	
  airframe	
  substrate	
  by	
   423	
  
the	
  RF-­‐NTP	
  is	
  displayed	
  in	
  the	
  3-­‐panel	
  Figure	
  7.	
  The	
  left	
  panel	
  [a]	
  shows	
  the	
  untreated	
   424	
  
original	
  airframe	
  surface,	
  [b]	
  the	
  oil-­‐treated	
  area	
  same	
  as	
  the	
  one	
  in	
  the	
  left	
  panel,	
  and	
  [c]	
   425	
  
the	
  same	
  area	
  as	
  in	
  [a]	
  and	
  [b]	
  that	
  was	
  oil-­‐removed	
  by	
  RF-­‐NTP.	
  The	
  oil	
  was	
  spread	
  to	
  form	
   426	
  
a	
  film	
  covering	
  a	
  round	
  area	
  that	
  was	
  inscribed	
  by	
  an	
  approximately	
  2	
  cm	
  by	
  2	
  cm	
  square.	
   427	
  
We	
  used	
  this	
  square	
  area	
  and	
  assume	
  that	
  all	
  the	
  oil	
  was	
  in	
  it	
  and	
  our	
  estimate	
  for	
  the	
   428	
  
thickness	
  was	
  about	
  25	
  microns.	
   429	
  
	
   430	
  
	
   Comparing	
  the	
  two	
  panels	
  [b]	
  and	
  [c]	
  pixel-­‐by-­‐pixel	
  in	
  image	
  analysis,	
  we	
  concluded	
   431	
  
that	
  the	
  oil	
  was	
  completely	
  removed,	
  leaving	
  two	
  pixels	
  of	
  the	
  same	
  spot	
  of	
  identical	
  value.	
   432	
  
It	
  appears	
  that	
  the	
  oil	
  did	
  not	
  chemically	
  react	
  with	
  the	
  airframe	
  surface	
  to	
  alter	
  its	
  pixel	
   433	
  
value	
  even	
  after	
  complete	
  RF-­‐NTP	
  removal.	
  Comparing	
  pixel-­‐by-­‐pixel	
  of	
  images	
  in	
  [a]	
  and	
   434	
  
[c],	
  we	
  found	
  that	
  the	
  RF-­‐NTP	
  did	
  not	
  alter	
  the	
  airframe	
  surface,	
  because	
  of	
  the	
  same	
   435	
  
reason	
  of	
  identical	
  pixel	
  values.	
  Thus,	
  we	
  concluded	
  that	
  the	
  surface	
  of	
  the	
  substrate	
  was	
   436	
  
virtually	
  not	
  changed	
  and	
  the	
  oil	
  contaminant	
  in	
  a	
  thin	
  layer	
  of	
  25	
  microns	
  thick	
  was	
   437	
  
completely	
  removed	
  by	
  the	
  RF-­‐NTP	
  technique.	
  The	
  thicker	
  the	
  layer	
  the	
  longer	
  the	
  NTP	
   438	
  
dwelling	
  time	
  to	
  reach	
  complete	
  removal.	
   439	
  
	
   440	
  
	
   We	
  also	
  applied	
  spectroscopic	
  and	
  aerosol	
  detection	
  techniques	
  during	
  the	
  RF-­‐NTP	
   441	
  
treatment	
  of	
  the	
  oil-­‐contaminated	
  airframe	
  substrate.	
  The	
  laboratory	
  setup	
  is	
  shown	
  in	
   442	
  
Figure	
  8.	
  One	
  Scanning	
  Mobility	
  Particle	
  Sizer	
  (upper	
  left;	
  SMPS	
  TSI	
  Model	
  3069L)	
  was	
   443	
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used	
  to	
  measure	
  particle	
  size	
  distribution	
  of	
  any	
  possible	
  nanoparticles	
  that	
  might	
  be	
   444	
  
produced	
  by	
  the	
  removal	
  process.	
  An	
  electrometer	
  (lower	
  left,	
  TSI	
  Model	
  3068B)	
  was	
  used	
   445	
  
to	
  measure	
  the	
  particle-­‐bound	
  charges	
  produced	
  during	
  the	
  removal	
  process.	
  One	
   446	
  
spectrometer	
  was	
  set	
  up	
  at	
  90-­‐degree	
  viewing	
  angle	
  (SP2)	
  from	
  the	
  plasma	
  sheet,	
  while	
  the	
   447	
  
other	
  was	
  along	
  the	
  long-­‐direction	
  of	
  the	
  sheet	
  (SP1).	
  The	
  difference	
  between	
  these	
  two	
   448	
  
directions	
  was	
  that	
  SP1	
  could	
  receive	
  a	
  higher	
  signal	
  than	
  that	
  observed	
  at	
  SP2.	
  Plasma	
  is	
  in	
   449	
  
the	
  direction	
  normal	
  going	
  to	
  the	
  paper	
  at	
  the	
  purple	
  line	
  position.	
  The	
  head	
  is	
  about	
  10mm	
   450	
  
from	
  the	
  surface.	
  SMPS	
  is	
  the	
  TSI	
  Scanning	
  Mobility	
  Particle	
  Sizer	
  Model	
  3089L	
  equipped	
   451	
  
with	
  a	
  long	
  DMA	
  and	
  UCPC	
  (Model	
  3025A),	
  aerosol	
  electrometer	
  is	
  TSI	
  model	
  3068B.	
  SP1	
  is	
   452	
  
an	
  OceanOptics	
  spectrometer	
  HD2000,	
  while	
  SP2	
  is	
  a	
  high	
  resolution	
  Acton	
  spectrograph	
   453	
  
equipped	
  with	
  an	
  Andor	
  ICCD.	
   454	
  

	
  
Figure	
  8.	
  Setup	
  for	
  spectroscopic	
  and	
  aerosol	
  detection.	
  	
  

	
   455	
  
	
   If	
  RF-­‐NTP	
  removal	
  of	
  oil	
  molecules	
  from	
  surface	
  of	
  the	
  airframe	
  produced	
  charged	
   456	
  
particles,	
  they	
  could	
  be	
  detected	
  by	
  a	
  Faraday	
  Cage	
  used	
  by	
  the	
  Aerosol	
  Electrometer	
   457	
  
3068B	
  online	
  in	
  near	
  real	
  time.	
  We	
  did	
  not	
  use	
  any	
  charge	
  neutralizer	
  as	
  did	
  in	
  SMPS.	
  This	
   458	
  
way	
  we	
  could	
  not	
  calculate	
  the	
  particle	
  concentration	
  because	
  we	
  do	
  not	
  know	
  the	
  number	
   459	
  
of	
  charges	
  for	
  each	
  particle.	
  However,	
  we	
  were	
  only	
  concerned	
  with	
  the	
  total	
  concentration	
   460	
  
of	
  charges	
  measurable	
  by	
  3068B.	
  The	
  particle	
  data	
  measured	
  by	
  SMPS	
  are	
  presented	
  in	
  the	
   461	
  
following	
  section.	
  	
   462	
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   463	
  
Aerosol	
  electrometer	
  (3068B)	
  registered	
  a	
  600	
  to	
  5,000	
  folds	
  increase	
  in	
  charge	
   464	
  

concentration	
  over	
  a	
  background	
  level	
  during	
  the	
  time	
  when	
  the	
  RF-­‐NTP	
  was	
  on	
  the	
   465	
  
substrate.	
  The	
  background	
  particle	
  count	
  in	
  the	
  experimental	
  chamber	
  is	
  typically	
  less	
  than	
   466	
  
400-­‐500	
  particles	
  per	
  cubic	
  centimeter	
  and	
  all	
  of	
  them	
  were	
  less	
  than	
  30nm.	
  This	
  result	
   467	
  
indicates	
  that	
  the	
  oil	
  was	
  removed	
  by	
  the	
  plasma	
  and	
  oil	
  molecules	
  were	
  possibly	
   468	
  
fragmented	
  into	
  ions	
  during	
  the	
  removal	
  process.	
  Since	
  the	
  NTP	
  did	
  not	
  stay	
  on	
  long	
   469	
  
enough	
  to	
  exceed	
  the	
  thermal	
  damaging	
  time	
  as	
  discussed	
  previously,	
  it	
  is	
  unlikely	
  these	
   470	
  
charges	
  would	
  have	
  been	
  produced	
  by	
  the	
  thermal	
  effect.	
  There	
  were	
  no	
  charged	
  particles	
   471	
  
produced	
  and	
  detected	
  by	
  the	
  3068B	
  during	
  a	
  side	
  test	
  using	
  a	
  heat	
  gun.	
   472	
  
	
   473	
  

Whether	
  or	
  not	
  there	
  was	
  a	
  significant	
  quantity	
  of	
  charged	
  ions	
  produced	
  as	
  shown	
   474	
  
in	
  the	
  example	
  above,	
  the	
  chance	
  of	
  particle	
  (in	
  the	
  size	
  range	
  of	
  50nm	
  or	
  less)	
  formation	
   475	
  
during	
  the	
  plasma	
  treatment	
  is	
  high.	
  A	
  common	
  technique	
  to	
  detect	
  the	
  presence	
  of	
   476	
  
nanometer	
  scale	
  particles	
  such	
  as	
  these	
  is	
  to	
  use	
  SMPS	
  as	
  mentioned	
  above.	
  The	
  size	
   477	
  
distributions	
  of	
  the	
  nanoparticles	
  observed	
  by	
  using	
  the	
  SMPS	
  are	
  shown	
  in	
  Figure	
  9.	
  These	
   478	
  
distributions	
  were	
  the	
  lognormal	
  fits	
  to	
  the	
  measurement	
  data.	
  The	
  peaks	
  of	
  these	
   479	
  
distributions	
  are	
  centered	
  at	
  about	
  7nm	
  indicating	
  they	
  could	
  be	
  formed	
  as	
  a	
  result	
  of	
   480	
  
heterogeneous	
  condensation	
  due	
  to	
  the	
  increase	
  of	
  molecular	
  and	
  ion	
  concentrations	
  in	
  the	
   481	
  
cold	
  region	
  of	
  the	
  plume.	
  Different	
  colors	
  represent	
  different	
  oil	
  layers	
  of	
  thickness	
  (or	
   482	
  
different	
  volumes	
  of	
  oil)	
  added	
  to	
  the	
  same	
  area,	
  which	
  ranged	
  from	
  100	
  to	
  350	
  μL.	
  The	
   483	
  
total	
  mass	
  of	
  each	
  curve	
  integrated	
  from	
  a	
  size	
  distribution	
  is	
  on	
  the	
  order	
  of	
  pg	
  per	
  cubic	
   484	
  
meter.	
  This	
  mass	
  concentration	
  is	
  currently	
  impossible	
  to	
  detect	
  with	
  any	
  existing	
  aerosol	
   485	
  
instruments	
  available	
  for	
  in-­‐situ	
  real-­‐time	
  particle	
  mass	
  detection.	
   486	
  

	
   487	
  

	
  
Figure	
  9.	
  Size	
  distribution	
  of	
  particles	
  from	
  RF-­‐NTP	
  treatment	
  on	
  oil	
  layered	
  airframe	
  substrate	
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   488	
  
It	
  is	
  worthy	
  to	
  note	
  that	
  similar	
  (single	
  mode)	
  size	
  distributions	
  when	
  airframe	
   489	
  

substrates	
  were	
  coated	
  with	
  a	
  thin	
  TIP	
  layer.	
  The	
  peak	
  location	
  of	
  the	
  particle	
  size	
   490	
  
distribution	
  is	
  also	
  located	
  in	
  the	
  6-­‐10	
  nm	
  region,	
  but	
  the	
  peak	
  height	
  is	
  an	
  order	
  of	
   491	
  
magnitude	
  higher	
  than	
  those	
  in	
  Figure	
  9.	
  When	
  more	
  CWA	
  is	
  added,	
  we	
  also	
  observed	
  the	
   492	
  
increase	
  in	
  peak	
  height	
  but	
  the	
  peak	
  location	
  remained	
  unchanged.	
  We	
  think	
  TIP	
  molecules	
   493	
  
might	
  be	
  broken	
  down	
  by	
  NTP	
  more	
  thoroughly	
  than	
  oil	
  leading	
  to	
  the	
  higher	
  peaks.	
  We	
   494	
  
did	
  not	
  perform	
  detection	
  using	
  the	
  mass	
  spectrometer	
  available	
  to	
  us,	
  because	
  we	
  doubt	
  if	
   495	
  
it	
  is	
  possible	
  to	
  detect	
  the	
  species	
  at	
  such	
  a	
  low	
  quantity	
  (pg/m3).	
  However,	
  we	
  were	
   496	
  
confident	
  that	
  the	
  data	
  suggest	
  the	
  nanoparticles	
  were	
  indeed	
  produced	
  by	
  the	
   497	
  
decomposition	
  of	
  the	
  coated	
  materials.	
   498	
  
	
   499	
  
Figure	
  10	
  shows	
  an	
  example	
  of	
  the	
  optical	
  emission	
  spectrum	
  observed	
  from	
  SP1	
  when	
   500	
  
NTP	
  was	
  on	
  CWA-­‐coated	
  airframe	
  substrate.	
  This	
  spectrum	
  was	
  taken	
  with	
  an	
  Echelle	
   501	
  
spectrometer	
  (SE-­‐200)	
  with	
  a	
  30-­‐millisecond	
  exposure	
  time.	
  The	
  prominent	
  peaks	
   502	
  
identified	
  are	
  located	
  at	
  706	
  and	
  777,	
  while	
  there	
  are	
  several	
  small	
  peaks	
  scattered	
   503	
  
between	
  300	
  and	
  700nm.	
  The	
  insert	
  shows	
  a	
  mercury	
  light	
  source	
  spectrum	
  with	
  the	
  major	
   504	
  
peak	
  at	
  253.7nm	
  in	
  the	
  UV	
  region.	
  The	
  706-­‐nm	
  line	
  is	
  from	
  the	
  helium	
  atom,	
  while	
  the	
  777-­‐ 505	
  
nm	
  line	
  is	
  for	
  oxygen	
  radical.	
  We	
  did	
  not	
  attempt	
  to	
  identify	
  the	
  smaller	
  peaks,	
  as	
  they	
  are	
   506	
  
mostly	
  likely	
  molecular	
  fragments	
  decomposed	
  by	
  the	
  NTP	
  during	
  the	
  treatment.	
  	
   507	
  

	
  
Figure	
  10.	
  Spectrum	
  of	
  RF-­‐NTP	
  on	
  CWA	
  coated	
  airframe	
  substrate	
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4.4.	
  Removal	
  of	
  Pollen	
  Grains	
   508	
  
	
   509	
  
	
   During	
  this	
  research,	
  we	
  considered	
  using	
  plasma	
  for	
  the	
  removal	
  or	
  disintegration	
   510	
  
of	
  particles	
  without	
  damaging	
  the	
  substrate	
  surface	
  underneath	
  the	
  particles.	
  This	
  is	
  a	
   511	
  
challenging	
  problem	
  because	
  applying	
  laser	
  higher	
  energy	
  to	
  vaporize	
  the	
  deposited	
   512	
  
particles	
  on	
  a	
  substrate	
  surface	
  without	
  impacting	
  the	
  surface	
  as	
  in	
  Lin	
  and	
  Cheng	
  (2002)	
   513	
  
through	
  the	
  laser	
  energy	
  or	
  the	
  heat	
  generated	
  by	
  focusing	
  the	
  energy	
  is	
  known	
  to	
  be	
  a	
   514	
  
difficult	
  task.	
  NTP	
  in	
  theory	
  enables	
  us	
  to	
  revisit	
  the	
  problem	
  and	
  opens	
  the	
  door	
  for	
  a	
  new	
   515	
  
opportunity	
  for	
  such	
  an	
  application.	
  Environmental	
  particles	
  can	
  be	
  inorganic	
  as	
  in	
  dusts	
   516	
  
and	
  biological	
  as	
  in	
  pollen	
  grains.	
  Both	
  types	
  of	
  particles	
  are	
  commonly	
  encountered	
  in	
  the	
   517	
  
indoor	
  and	
  ambient	
  environments.	
  We	
  selected	
  Ambrosia	
  pollen	
  grains	
  for	
  this	
  study	
  as	
   518	
  
pollen	
  grains	
  were	
  in	
  our	
  original	
  proposal	
  as	
  a	
  test	
  contaminant.	
  Ambrosia	
  is	
  common	
   519	
  
pollen	
  and	
  many	
  people	
  are	
  allergic	
  to	
  it.	
  The	
  left	
  panel	
  of	
  Figure	
  11	
  shows	
  a	
  scanning	
   520	
  
electron	
  microscopy	
  photo	
  of	
  an	
  Ambrosia	
  pollen	
  grain,	
  while	
  the	
  right	
  panel	
  shows	
  the	
   521	
  
distribution	
  of	
  the	
  yellow	
  pollen	
  grains	
  spread	
  on	
  a	
  glass	
  slide.	
   522	
  
	
   523	
  

	
   	
  
	
  
Figure	
  11a.	
  Scanning	
  Electron	
  Microscopic	
  
Image	
  of	
  An	
  Ambrosia	
  Pollen	
  Grain	
  

	
  
Figure	
  11b.	
  Image	
  of	
  Ambrosia	
  Pollen	
  Grains	
  
deposited	
  on	
  a	
  glass	
  slide	
  

	
   524	
  
We	
  applied	
  Raman	
  spectroscopy	
  to	
  the	
  Ambrosia	
  pollen	
  grains	
  before	
  and	
  after	
  NTP	
   525	
  

treatment.	
  Figure	
  12	
  shows	
  four	
  spectra	
  taken	
  before	
  treatment	
  (0	
  min)	
  and	
  for	
  3,	
  5,	
  and	
   526	
  
10-­‐min	
  of	
  treatment	
  times.	
  Three	
  main	
  Raman	
  bands	
  were	
  identified	
  for	
  the	
  pollen	
  grains	
   527	
  
before	
  NTP	
  was	
  applied.	
  Two	
  major	
  bands	
  were	
  at	
  1518.7	
  and	
  1594.9	
  cm-­‐1	
  that	
  correspond	
   528	
  
to	
  carotenoid	
  ν1	
  (the	
  first	
  vibrational	
  mode)	
  and	
  protein	
  phenylalanine	
  or	
  tryptophan,	
   529	
  
respectively.	
  The	
  1152.5	
  cm-­‐1	
  is	
  likely	
  to	
  be	
  carotenoid	
  ν3	
  C-­‐H	
  or	
  C-­‐C	
  stretching.	
  These	
   530	
  
identified	
  bands	
  are	
  consistent	
  with	
  the	
  literature	
  (Schulte	
  et	
  al.,	
  2008).	
  As	
  shown	
  in	
  Figure	
   531	
  
12,	
  the	
  intensity	
  of	
  the	
  Raman	
  signature	
  was	
  decreased	
  as	
  the	
  treatment	
  time	
  increased,	
   532	
  
indicating	
  the	
  amount	
  of	
  allergen	
  was	
  decreased.	
  The	
  removal	
  rate	
  was	
  high	
  from	
  0	
  to	
  3	
   533	
  
min,	
  and	
  slowed	
  down	
  from	
  3	
  to	
  5	
  min.	
  The	
  removal	
  leveled	
  out	
  after	
  five	
  minutes,	
  possibly	
   534	
  
indicating	
  the	
  allergen	
  was	
  completed	
  removed.	
  Not	
  only	
  the	
  Raman	
  spectra	
  after	
  5	
  min	
  of	
   535	
  



	
   	
   ORNL/TM-­‐2011/155	
  

	
   17	
  

treatment	
  leveled	
  out	
  but	
  also	
  the	
  vibrational	
  band	
  structure	
  of	
  the	
  allergen	
  molecules	
  was	
   536	
  
no	
  longer	
  as	
  visible	
  as	
  that	
  of	
  the	
  untreated	
  sample	
  at	
  0	
  and	
  3	
  min.	
  The	
  disappearance	
  of	
   537	
  
the	
  Raman	
  structure	
  indicates	
  that	
  the	
  allergen	
  molecules	
  were	
  removed	
  from	
  the	
  surface	
   538	
  
or	
  possibly	
  decomposed.	
  	
   539	
  
	
   540	
  

There	
  are	
  biochemical	
  assays	
  that	
  can	
  be	
  applied	
  to	
  test	
  the	
  potency	
  or	
  reduction	
  of	
   541	
  
the	
  pollens	
  after	
  NTP	
  treatment.	
  For	
  example,	
  one	
  can	
  assay	
  for	
  IgE	
  that	
  is	
  an	
  antigen	
   542	
  
responsible	
  for	
  pollen	
  allergenic	
  reactions.	
  We	
  did	
  not	
  pursue	
  this	
  further	
  because	
  it	
  is	
  not	
   543	
  
within	
  the	
  scope	
  of	
  this	
  project.	
  From	
  our	
  previous	
  experience	
  in	
  treating	
  organic	
   544	
  
molecules,	
  we	
  hypothesize	
  that	
  an	
  antigen	
  could	
  be	
  destroyed	
  during	
  the	
  treatment	
  even	
  if	
   545	
  
the	
  pollen	
  grains	
  appear	
  intact	
  in	
  its	
  appearance.	
  AP-­‐NTP	
  is	
  not	
  a	
  line-­‐of-­‐sight	
  treatment	
   546	
  
technique;	
  it	
  is	
  possible	
  that	
  some	
  reactive	
  species	
  from	
  the	
  plasma	
  could	
  enter	
  the	
   547	
  
confined	
  space	
  of	
  the	
  pollen	
  structure	
  and	
  react	
  with	
  the	
  antigens	
  denaturing	
  these	
   548	
  
allergens	
  to	
  be	
  non-­‐allergic	
  even	
  though	
  the	
  outside	
  pollen	
  cage	
  looks	
  intact.	
   549	
  
	
   550	
  
	
   	
   551	
  
	
  

Figure	
  12.	
  Raman	
  Spectra	
  of	
  the	
  Untreated	
  Ambrosia	
  Pollen	
  Grains	
  (0	
  min)	
  and	
  Treated	
  after	
  3,	
  4,	
  
and	
  10	
  min.	
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5.	
  CONCLUSIONS	
  AND	
  RECOMMENDATIONS	
   552	
  
 553	
  
The	
  conclusions	
  from	
  this	
  limited-­‐scope	
  project	
  study	
  are:	
   554	
  
	
   555	
  
(1) Atmospheric	
  nonthermal	
  plasma	
  can	
  be	
  an	
  effective	
  source	
  for	
  the	
  removal	
  of	
  surface	
   556	
  

contamination	
  on	
  weapons	
  systems	
  and	
  platforms.	
   557	
  
	
   558	
  

(2) The	
  removal	
  approach	
  does	
  not	
  use	
  any	
  liquid	
  therefore	
  producing	
  no	
  secondary	
   559	
  
wastewater	
  to	
  be	
  treated.	
   560	
  

	
   561	
  
(3) The	
  nanoparticles	
  produced	
  are	
  detectable	
  but	
  can	
  be	
  safely	
  controlled	
  and	
  removed	
  by	
   562	
  

a	
  HEPA	
  filter.	
   563	
  
	
   564	
  
The	
  recommendations	
  are:	
   565	
  
	
   566	
  
(1) A	
  cooling	
  module	
  is	
  required	
  to	
  remove	
  the	
  heat	
  generated	
  by	
  the	
  power	
  source.	
   567	
  

	
   568	
  
(2) The	
  approach	
  of	
  using	
  a	
  mixture	
  combination	
  of	
  air	
  and	
  water	
  as	
  a	
  carrier	
  gas	
  with	
  a	
   569	
  

minimal	
  plasma	
  triggering	
  gas	
  feed	
  should	
  be	
  pursued	
  as	
  this	
  will	
  be	
  a	
  significant	
  cost	
   570	
  
saving	
  in	
  the	
  scale-­‐up	
  application.	
   571	
  
	
   572	
  

(3) Development	
  of	
  a	
  scale-­‐up	
  AP	
  NTP	
  is	
  required	
  for	
  moving	
  the	
  treatment	
  technology	
  for	
   573	
  
testing	
  on	
  fielded	
  weapons	
  systems	
  and	
  platforms.	
  This	
  can	
  be	
  achieved	
  through	
   574	
  
Environmental	
  Security	
  Technology	
  Certification	
  Program.	
   575	
  

	
   576	
  
	
   577	
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